Although there is a relatively robust fossil record of archaeostracan phyllocarids, preserved antennulae and antennae are rare. Few examples have been described. A review of archaeostracans with preserved antennulae and antennae is provided, as well as a description of a specimen of Ceratiocaris cf. macroura Collette and Rudkin, 2010, with preserved antennae, and a detailed description of a specimen of Ceratiocaris papilio Salter in Murchison, 1859, from the Silurian of Scotland. The presence of antennulae with two subequal length rami in Rhinocaridina and Echinocaridina supports previous assertions that possessing biramous antennulae is a malacostracan synapomorphy. An antennal scale in Ceratiocaris, in contrast to those of Rhinocaridina and Echinocaridina, but consistent with eumalacostracans, suggests that ceratiocarids could represent stem eumalacostracans. Hooked antennae in C. papilio, similar to copulatory clasping antennae of Nebaliopsis typica G. O. Sars, 1887, are interpreted to represent the earliest evidence of sexual dimorphism in malacostracans.
INTRODUCTION
We review cases of preserved antennulae and antennae of archaeostracan phyllocarids; describe a specimen of Ceratiocaris cf. macroura Collette and Rudkin, 2010 with exceptionally preserved antennae from the Wenlock (Middle Silurian) Racine Dolomite, IL, USA; explore what generalizations can be made about antennulae and antennae in Ceratiocaridina, Echinocaridina, and Rhinocaridina; and explore possible sexually dimorphic and phylogenetic implications of preserved archaeostracan antennulae and antennae.
Antennular morphology has important phylogenetic implications in malacostracan higher taxa. For example, eucarids and some amphipods retain two antennular rami; isopods exhibit uniramous antennulae; hoplocarids and some carideans exhibit triramous antennulae; and leptostracans exhibit biramous antennulae, with the exopod represented by a scale -an apparent autapomorphy. Our results support hypotheses (Richter and Scholtz, 2001 ) that retention of two equal-to-subequal length antennular rami is a malacostracan synapomorphy and further suggests that malacostracan antennular morphologies differing from this are autapomorphic or homoplasic.
Antennal morphology is apparently equally phylogenetically significant, with leptostracans exhibiting uniramous antennae, and most eumalacostracan taxa exhibiting biramous antennae with the exopod represented by an antennal scale. The results presented here indicate that representatives of Rhinocaridina and Echinocaridina exhibited bira- * Corresponding author; e-mail: wjones23@kent.edu mous antennae with an elongated exopod and that Ceratiocaris exhibited biramous antennae with the exopod represented by an antennal scale. As such, it is hypothesized that Ceratiocaris spp. might represent stem lineage eumalacostracans and that the ancestral condition within Malacostraca is the retention of two, elongated antennal rami, rather than uniramous antennae, or antennae with an exopod scale. It is additionally postulated that the paucity of stem lineage eumalacostracan fossils might be the result of retention of phyllocarid-like features, i.e., seven pleomeres, phyllopodous thoracopods, and styliform caudal furcae.
Although archaeostracan phyllocarids have a relatively robust fossil record, especially in the Paleozoic, the rarity of specimens with preserved antennulae and antennae leaves researchers with an incomplete understanding of cephalic appendage morphology in that group. Because of light sclerotization, preserved crustacean antennulae and antennae are rare in the fossil record, commonly occurring only in cases of exceptional preservation. Despite this, a number of preserved archaeostracan antennulae and antennae have been described or figured (Salter, 1860: Fig. 3g ; Rolfe and Beckett, 1984; Bergström et al., 1987 Bergström et al., , 1989 Briggs et al., 2004) and researchers can begin making generalizations about antennular and antennal morphology in that group.
Because males of the living leptostracan phyllocarids often exhibit sexually dimorphic antennae encompassing a range of morphologies (Song et al., 2013) , one would predict that sexual dimorphism might be recognizable in ar-chaeostracan specimens. This issue is complicated by an incomplete understanding of the range of antennal morphologies exhibited by archaeostracans and by the possibility that archaeostracan species exhibited sexually dimorphic characters that differed greatly from those of extant leptostracans. Background.-The specimens newly described here were held in the collections of Donald Mikulic, Illinois State Geological Survey, now deposited at the Illinois State Geological Survey (ISGS 100P-22A), and the University of Wisconsin at Madison Geology Museum (UWGM 1906) . The Illinois specimen occurred as part and counterpart from a split core from the Calumet System of the Water Reclamation District of Greater Chicago's Tunnel and Reservoir Plan. The antenna preserved on UWGM 1906 is too incomplete to contribute much to understanding the antennal morphology of C. macroura.
Antennule.-The antennulae are present but too poorly preserved for any meaningful morphological elements to be interpreted.
Antenna.-The antennae exhibit a short, stout basis G and 2A, B) . The number of basal articles is unclear, however, it appears that there are at least two or three. Lateral to the exopod and emanating from the basis is a poorly preserved, apparently branched or biramous structure (Fig. 1A, C) . This structure does not appear to be the exopod, as the exopod is well-preserved and in a more medial position. We interpret the feature to represent antennal setae, or some poorly preserved element unrelated to the antenna.
The endopod consists of a thin, multiarticulate flagellum ( Fig. 1A-D) . The flagellum is slightly longer than the carapace, which in archaeostracans generally contains all of the thoracomeres and at least the four anteriormost pleomeres. As such, the flagellum is approximately 2/3 to 3/4 the total body length. The flagellum gradually tapers in width from the basis to an acute distal termination. In high magnification, it can be observed that the flagellum exhibits a fibrous, pitted structure (Fig. 1H) ; the pits are paired and span the entire length of the flagellum. These pits are interpreted to represent setal articulations, suggesting that the antennae exhibited dense setation that is not well preserved on the specimen.
The antennal exopod is positioned lateral to the endopodal flagellum (Fig. 1A-D, C) . The exopod is slender throughout its length and narrows abruptly to a bluntly acuminate termination. On the part (Fig. 1A, C) , the distal component appears to be slightly damaged. However, on the counterpart (Fig. 1B, D, G ) the exopod appears to terminate naturally. As such, the exopod is interpreted to have been much shorter than the endopod, unlike in rhinocarids and Cinerocaris magnifica Briggs, Sutton, Siveter, and Siveter, 2004 , the only echinocarid with known antennal morphology. Although it is possible that the short scale-like nature of the antennal exopod of ISGS 100P-22A was the result of biostratinomic breakage of an elongated antennal exopod, the apparent natural termination of the exopod on the counterpart is inconsistent with this interpretation.
Based on its length, lateral relationship to the endopod, and abrupt but apparently unbroken termination, the antennal exopod is interpreted as an antennal scale. Although the exopod appears to be approximately equal in width to the antennal flagellum, this is not entirely inconsistent with its interpretation as a scale. Because leptostracan phyllocarids exhibit an autapomorphic, uniramous antenna, a modern phyllocarid could not be used for comparison. Eumalacostracans, however, do exhibit an antennal scale (Calman, 1904) . The antenna of a preserved specimen of Procambarus cf. clarkii (Girard, 1852) , from the Kent State University Department of Geology Spirit Collection was excised and examined for comparative purposes (Fig. 1E, F) . Study of the P. clarkii antenna revealed that the antennal scale is composed of a relatively narrow dorsal keel ( Fig. 1E ) with a ventrally positioned, roughly triangular flap-like element (Fig. 1F ). In the case of P. clarkii, the antenna is oriented such that the flap is positioned medially to the antennal endopod. The antennal exopod of the ISGS 100P-22A is interpreted to represent the dorsal keel of an antennal scale, the flap-like element of which would likely have been positioned laterally to the endopod. The implications of the antennal scale will be discussed below.
Ceratiocaris papilio Salter in Murchison, 1859
Source. -Rolfe and Beckett (1984) ; this paper (restudy of a previously figured specimen; new specimens: GLAHM 2149, 2244).
Occurrence.-Middle Silurian (Llandovery), Jamoytius locality, Logan Water, Lesmahagow, Lanarkshire, Scotland.
Background.-Understanding of the antennal morphology of C. papilio has a long, strange history beginning with the reconstruction of that species figured by Salter (1860, Fig. 3g ) (Fig. 2C) . The figured reconstruction, although correct with respect to the relative position of the carapace, thoracomeres, pleomeres, and mandibles, was reconstructed with the rostral plate protruding anteriorly from the carapace and what were interpreted as questionable antennae or thoracic appendages positioned anterior to the carapace. Only one actual photograph of a specimen of C. papilio, GLAHM 2244, with antennae has been published (Rolfe and Beckett, 1984: Fig. 3 ). This specimen exhibits some similarity to that figured by Salter (1860) ; however, the antennae exhibit flagella with posteroventrally recurved distal ends and apparent scale-like exopods. This will be discussed in more detail below.
Antennule.-The antennular morphology of C. papilio is still unknown.
Antenna.-The antenna exhibits a relatively long basis, approximately 1/3 the length of the whole antenna, and an endopodal flagellum that comprises approximately 2/3 the total length (Fig. 3A, B) . The number of basal articles is unclear, however, it appears that two articles could be Fig. 2f ). An, antenna; Al, antennule; VCM, ventral carapace margin; Ma, mandible; Pl, pleonite. present ( Fig. 3A, B) . The flagellum is approximately as wide as the basis, and it appears to have been relatively rigid and robust. Whether the flagellum was antennulate is unclear. The number of flagellar articles is also unclear, as no evidence of individual articles is preserved. The distal-most portion of the flagellum is posteriorly recurved and hooklike (Fig. 3A, B) .
The antennal exopod is preserved on two of the specimens examined, GLAHM 2149 and 2244. GLAHM 2244 bears an apparent scale-like exopod superimposed over the right antennal endopod and basis, as well as a similar structure in association with the left antenna -the left antennal basis and endopod being superimposed over it ( Fig. 3C-E ). Examining GLAHM 2244 alone, it is unclear whether the exopod is scale-like or a short, slender ramus that is posteriorly recurved or bent posteriorly (Fig. 3A) . GLAHM 2149 exhibits a similar structure impressed over a faintly preserved antennal basis; however, this structure is demonstrably a complete scale-like exopod (Fig. 3C, D) . Thus, examination of GLAHM 2149 confirms that the antennal exopod of C. papilio, like that of C. macroura, was scale-like, not elongated like those of rhinocarids and Cinerocaris magnifica. As such, the antennal exopods of Ceratiocaris spp. appears to have been a scale-like exopod, as in eumalacostracans, rather than an elongated expodal ramus, as in other archaeostracans.
Remarks. -Rolfe and Beckett (1984: 31) suggested that the appendages figured by Salter (1860: Fig. 3g ) might represent copulatory clasping antennae, such as those found in the leptostracan species Nebaliopsis typica G. O. Sars, 1887, or a "distally excavated but blind eye-stalk such as occurs in some deep-sea isopods, or that used for ploughing the substrate by some living phyllocarids." Distally excavated, blind eyestalks are present in some leptostracan species, such as Dahlella calderiensis Hessler, 1984 , Sarsinebalia typhlops (G. O. Sars, 1870 , and species of Nebaliella Thiele, 1904 . Examination of figured specimens of D. calderiensis, S. typhlops, and Nebaliella cabotti indicates that blind eye stalks of those species are variable in length and robustness (Hessler, 1984; Mauchline, 1984) . However, such eyestalks are consistently much shorter than the appendages figured in Salter (1860) and are not posterodorsally recurved like those appendages. As such, the suggestion of Rolfe and Beckett (1984) that the appendages figured in Salter (1860) represent blind eye stalks seems improbable.
The suggestion that the appendages represent copulatory clasping antennae merits investigation. Examination of high resolution photographs of GLAHM 2244, the specimen figured by Rolfe and Beckett (1984) indicated that the antennae of C. papilio do resemble the appendages figured in Salter (1860: Fig. 3g) (Fig. 2A) . However, the appendages of GLAHM 2244 are strongly posteroventrally recurved, rather than posterodorsally. The posteroventrally recurved antennae of GLAHM 2244 are much more consistent with copulatory, clasping antennae characteristic of sexually dimorphic males of N. typica (Fig. 3F) ; indeed they exhibit enough similarity to clasping antennae of those species that arguing for an alternative function seems unwarranted (Fig. 3A, B,  F) . We suggest that the antennae of GLAHM 2244 represent copulatory clasping antennae. Hence, males of C. papilio apparently exhibited sexually dimorphic antennae -the oldest potential record of sexual dimorphism in Malacostraca.
That posteroventral curvature of the antennae of GLAHM 2244 represents biostratinomic alteration is a possibility that must be evaluated. Unfortunately, specimens of C. papilio with preserved distal antennae, other than GLAHM 2244, are not available for examination because the only other report of preserved antennae on C. papilio (Salter, 1860: Fig. 3g ) included neither specimen numbers, nor repository information. Thus, we had no additional specimens to use for comparison and potential support of the sexual dimorphism hypothesis. Despite this, a biostratinomic origin for the curvature does not seem to be the most parsimonious explanation. The right and left antennae of GLAHM 2244 exhibit almost exactly the same degree of curvature. Additionally, curvature is restricted to the distalmost antennomeres (Fig. 3A, B) , similar to the curvature of clasping antennae of Nebaliopsis typica (Fig. 3F) , and the curvature of the right and left antennae is consistently posteroventral. It is unlikely that curvature resulting from biostratinomic alteration would have resulted in such consistency in the degree, direction, and point of flexure in both the right and left antennae.
The appendages figured in Salter (1860, Fig. 3a-g ) are correctly positioned to be antennae, despite the aforementioned differences between them and GLAHM 2244. The assertion of Salter (1860) that the specimen depicted (his Fig. 3a-g ) was a specimen "with all parts in situ" suggests that the appendages were part of that specimen. However, there is no indication that the appendages actually articulate with the cephalon of the specimen. It is possible that the appendages represent antennae of another individual that happened to be preserved near the anterior of that figured by Salter. It is also possible that the appendages represent the antennae of that specimen but that they were distorted, or that the specimen was a female or sexually immature male. Location and restudy of the specimen could resolve this issue, although it seems improbable given that no repository information was made available.
Ceratiocaridina (family and genus indeterminate)
Source. -Bergström et al. (1989) .
Occurrence.-Lower Devonian (early Emsian), Hunsrück Slate, southern Rhenish Massif, Germany.
Background.-The specimen attributed to Ceratiocaridina was figured and described in the restudy of the Hunsrück Slate phyllocarids by Bergström et al. (1989) . Their description was based on radiographs produced by Walter M. Lehmann, and that was the only material available for study (Bergström et al., 1989) .
Antennule.-The antennulae are composed of a short basis and two short, slender, multiarticulate flagella. The flagella are approximately three times the length of the basis (Bergström et al., 1989: Fig. 2a, f) (Fig. 2C ).
Antenna. -Bergström et al. (1989) remarked that the structure in the expected position of the antenna exhibited great similarity to the legs of the fossil pycnogonid Palaeoisopus problematicus Broili, 1928 and that structures inside the carapace valves could represent the rest of the body of the pycnogonid. As such, summarizing the antennal morphology of this indeterminate ceratiocaridine cannot be undertaken with certainty. If the structures occupying the probable position of antennae are indeed antennae, then antennae of this specimen are wide and paddle-like with a blunt distal termination and stout basis approximately the same length as the flagellum (Fig. 2D) . This would not be consistent with known antennae of any archaeostracan phyllocarid. Hence, the interpretation of Bergström et al. (1989) that the structure is a pycnogonid leg seems most probable.
Remarks.-This indeterminate specimen of Bergström et al. (1989: Fig. 2a, f) is problematic in terms of its placement within Archaeostraca. The elongated, styliform telson exhibiting much greater length than the caudal furcae and the presence of a raised ventral carapace border are consistent with its placement in Ceratiocaridina (Rode and Lieberman, 2002; Collette and Hagadorn, 2010) . Bergström et al. (1989) additionally asserted that the specimen lacked evidence of a medial dorsal plate and mesolateral carina, features characteristic of Rhinocaridina, the latter more specifically of Rhinocarididae (Rode and Lieberman, 2002; Collette and Hagadorn, 2010) .
However, the radiograph of the specimen figured by Bergström et al. (1989: Fig. 2a, f) is not entirely consistent with the claim that the specimen lacks a medial dorsal plate and mesolateral carina. The right and left carapace valves of the specimen appear to be widely separated; furthermore, it appears that there is a structure reminiscent of a medial dorsal plate (Bergström et al., 1989: Fig. 2a ). There is also a feature present on the right carapace valve consistent with the position and shape of a mesolateral carina. Hence, we believe placement of the specimen within Rhinocaridina seems as likely as its placement in Ceratiocaridina. Unfortunately, Bergström et al. (1989) were only able to study radiographs of the specimen. Location and restudy of the specimen might someday resolve these issues.
If the specimen does prove to be a ceratiocarid, however, it is the only specimen figured with preserved antennulae. In exhibiting two slightly subequal flagellar rami, the antennulae of the specimen are consistent with rhinocarid and echinocarid species with known antennular morphology. If the specimen is a ceratiocarid, it suggests that ceratiocarid antennular morphology was similar to that of the rhinocarids and echinocarids.
Echinocaridina Clarke in Zittel, 1900 Cinerocaris magnifica Briggs, Sutton, Siveter, and Siveter, 2004 Source. -Briggs et al. (2004) .
Occurrence.-Middle Silurian (Wenlock), Herefordshire Biota, Herefordshire, UK.
Background. -Briggs et al. (2004) described a single specimen of Cinerocaris magnifica from the Middle Silurian (Wenlock) Herefordshire Biota of Herefordshire, UK. These specimens are unique in that they are studied by serially grinding, scanning, and creating a computerized reconstruc- tion of the fossils (Sutton et al., 2001 ). The computer generated rendering is a three-dimensional representation of the specimen that exhibits remarkable morphologic detail, including soft parts, and delicate appendages with otherwise a low potential for preservation. The reconstruction of Cinerocaris magnifica includes most details of the antennulae and antennae, however, very fine details, such as individual podomeres, are not well resolved.
Antennule.-The antennular peduncle is shorter than the flagellum, oval in cross section, and expands distally to a circular cross-section. The distal flagellum is slightly longer than the medial flagellum. Both rami are assumed to have been antennulate (Briggs et al., 2004) (Fig. 4) .
Antenna.-The antenna is larger than the antennule with a basis that is oval in cross-section and tapers slightly to the point at which the flagellar rami attach. The distal ramus is a short, slender flagellum. The medial ramus has a short, broad base that tapers abruptly into a flagellum (Fig. 4) .
Remarks.-Cinercaris magnifica is the only described echinocarid with preserved antennulae and antennae. Attempts have been made to interpret the position of cephalic appendages of Echinocaris Whitfield, 1880 based on the size and position of dorsal carapace nodes (Beecher, 1902) . For example, Beecher demonstrated that the largest cephalic lobe of Echinocaris socialis corresponds to the position of the mandible, and suggested that the anterior dorsal lobe corresponds to the antennule, the lobe posterior to that represents the antenna, and the double node next to the nuchal furrow represents the maxillae. These assertions, with the exception of the relationship of the largest cephalic node and mandibles, cannot at present be verified. However, the position of these appendages on Cinerocaris magnifica, as figured by Briggs et al. (2004) , does correspond to the position of the carapace lobes of more advanced echinocarids (Beecher, 1902; Eller, 1935) . Definitive correlation of carapace node and purported appendage position cannot be accomplished using Cinerocaris magnifica, however, because the carapace of this species is not strongly regionalized.
Although sweeping conclusions about echinocarid antennular and antennal morphology cannot be made based on a single species, the gross morphology of those limbs is consistent with that of rhinocarids whose antennular and antennal morphology is known (Bergström et al., 1987 (Bergström et al., , 1989 Bergman and Rust, 2014) . This is discussed in more detail below.
Rhinocaridina Clarke in Zittel, 1900 Rhinocarididae Hall and Clarke, 1888 Nahecaris stuertzi Jaekel, 1921
Source.- Rolfe (1981) ; Bergström et al. (1987) .
Background. -Bergström et al. (1987) figured and redescribed N. stuertzi based on 40 specimens from the early Emsian Hunsrück Slate. Museum numbers for specimens examined are included therein. Nearly all figured specimens exhibited exceptionally preserved antennulae and antennae, permitting relatively detailed examination of the antennular and antennal morphology of those species, including ventral, dorsal, and lateral views. Rolfe (1981) also figured a ventrally preserved N. stuertzi with preserved antennulae and antennae in his evaluation of phyllocarids and malacostracan origins (Fig. 5A ).
Antennule.-The antennulae exhibit a basis with two or three articles, and two slender, multiarticulate flagellar rami, one apparently positioned above the other. The lower ramus is thickened proximally and slightly longer to approximately 30% longer than the upper ramus.
Antenna.-The antenna is more robust than the antennule. The endopod bears a basis composed of two exceptionally long, robust articles; the second article is much longer than the first. The antennal flagella are setose, the endopodal flagellum being densely setose. The exopodal flagellum is narrower than the endopodal flagellum, and emanates from a basal article shared by the antennal rami. The exopod is multiarticulated throughout its length, and evenly tapering (after Bergström et al., 1987) .
Remarks.-See below.
Oryctocaris balssi (Broili, 1930) Source. -Bergström et al. (1989) ; Bergman and Rust (2014).
Occurrence.-Lower Devonian (early Emsian) Hunsrück Slate, southern Rhenish Massif, Germany.
Background.-Oryctocaris ballsi was originally described by Broili (1930) and was attributed to Nahecaris. The species was redescribed in the restudy of Hunsrück phyllocarids by Bergström et al. (1989) . Bergman and Rust (2014) undertook a detailed restudy of O. balssi, removed O. balssi from Nahecaris, and placed it in Oryctocaris, a new monospecific genus. . 2) ; B, Oryctocaris balssi (Broili, 1930) , modified from Bergman and Rust (2014 : Fig. 2) ; C, Oryctocaris balssi (Broili, 1930) , after Broili (1930) ; D, Rhinocaridina family and genus indeterminate, modified from Bergström et al. (1989: Fig. 4e ). Al, antennule; AnEn, antennal endopod; AnEx, antennal exopod; LM, labrum; Pe, pereiopod.
Antennule.-The antennulae of O. balssi exhibit two slender, multiarticulate flagella emanating from a stout, threearticle basis. One flagellum is positioned dorsal to the other. The proximal basal segment is the longest, and the next two are shorter and subequal in size. The flagella are approximately equal in length and width (Bergman and Rust, 2014) (Fig. 5B, C) .
Antenna.-The antennae exhibit a broad anterior flagellum emanating from the front of the second basal article and a narrow posterior flagellum emanating from the first basal article. The posterior flagellum is approximately one quarter to one half the length of the anterior flagellum. The margin of the anterior flagellum is fringed by a range of setae (after Bergman and Rust, 2014) (Fig. 5B, C) .
Rhinocarididae? (genus and species indeterminate) Source. -Bergström et al. (1989) .
Background. -Bergström et al. (1989, Fig. 4a -f) figured and described specimen WS 11709, which they attributed to Rhinocarididae. Based on their figures, the specimen does appear to be a rhinocaridid as diagnosed by Rode and Lieberman (2002) based on the presence of a relatively broad, flat telson, broad furcal rami longer than the telson, and a median dorsal plate separating the carapace valves. The mesolateral carina and carapace ornament, if present, are poorly preserved. Thus, we agree with Bergström et al. (1989) that the specimen is likely attributable to Rhinocarididae.
Antennule.-The antennulae exhibit bases with at least two articles, which are much longer than those of N. stuertzi, a similar rhinocaridid species from the Hunsrück Slate. Both antennular rami are equal in length and width and appear to taper anteriorly to an acuminate termination. The antennulae are approximately 3/4 the length of the antennae and bear no visible setae (Bergström et al., 1989) (Fig. 5d) .
Antenna.-The antennae exhibit a long, stout endopod and short, slim exopod, emanating from a short basis of apparently two articles. The endopodal and exopodal flagella appear to have been annullated throughout their length. The endopod was described as being densely setose, with longer setae on one side than the other, but this was not reflected in the explanatory drawing of Bergström et al. (1989: Fig. 4e-f ) and is not clearly visible in photographs of the specimen (Bergström, 1989: Fig. 4a-c) .
Remarks.-Because rhinocarids are apparently rather consistent in their antennular and antennal morphology. Rhinocaridina which preserve these limbs exhibit biramous antennulae with flagellar rami of equal to slightly subequal length; the antennae also exhibit well-developed endopodal and exopodal rami, although the length of the exopod relative to that of the endopod is apparently variable. The antennal exopods of rhinocarids are consistently shorter and more slender than the endopods, and in O. balssi and the indeterminate rhinocarid of Bergström et al. (1989) are reduced to as little as one quarter the length of the endopodal flagellum. This differs from the condition seen on N. stuertzi, in which the exopodal flagellum is much more slender, but only slightly shorter than that of the endopod. Moreover, the welldeveloped antennal exopod of rhinocarids differs from the scale-like antennal exopod of ceratiocarids and is very much consistent with the well-developed, but slightly reduced, exopodal flagellum of Cinerocaris magnifica. The implications of this are discussed below.
DISCUSSION

Sexual Dimorphism in Fossil Phyllocarids
Males of many leptostracan species exhibit sexually dimorphic antennae. In Nebalia and Sarsinebalia, the antennal flagellum of the male exhibits extreme elongation, in many cases being as long as the entire body (Dahl, 1985; Song et al., 2013) . Males of Nebalia can also display antennal flagella that are distinctly anteriorly directed, with numerous flagellar articles or distinct setation (Haney and Martin, 2000, 2005; Moreira et al., 2007; Lee and Bamber, 2011; Song et al., 2012 Song et al., , 2013 . As we noted above, males of Nebaliopsis typica exhibit posteroventrally recurved copulatory clasping antennae (Thiele, 1904; Rolfe and Beckett, 1984) , which are grossly similar to the antennae of C. papilio-specimen GLAHM 2244 described herein (Fig. 3A, D) . For the reasons discussed above, a taphonomic origin of the curvature of the distal antennae of GLAHM 2244 can be discarded.
The issue of sexual dimorphism is complicated in fossil phyllocarids, since there is little basis for recognizing dimorphic characters with the exception of drawing analogies from extant species. Because it is unknown whether archaeostracans exhibited sexually dimorphic characters not seen in the leptostracans, dimorphism in some archaeostracan species might be unrecognizable. However, as has been demonstrated here, dimorphic characters are possible to recognize in rare instances when the antennae are preserved. As was demonstrated by Song et al. (2013) in their description of Nebalia pseudotrocosoi Song, Moreira, and Min, 2013 , new expressions of sexual dimorphism in lepstostracans are still being recognized. Recognition of new forms of sexual dimorphism in leptostracans could lead to the recognition of dimorphism in more fossil phyllocarids in the future.
Phylogenetic Considerations
All representatives of Echinocaridina and Rhinocaridina possess antennulae with two rami of equal or slightly subequal length. This differs from leptostracan phyllocarids, that have antennulae with a single flagellar ramus and an antennular scale, an apparent autapomorphy (Hessler and Schram, 1984; Oleson, 1999; Walker-Smith and Poore, 2001 ). Eumalacostracans exhibit variations in antennular morphology, with eucarids and some amphipods exhibiting an antennule with two rami; Richter and Scholtz considered biramous antennulae to be the ground plan for Amphipoda. Antennulae in isopods have variously been considered to be biramous or uniramous (Brusca and Wilson, 1991; Richter and Scholtz, 2001 ). Stomatopods and early fossil hoplocarids, as well as some carideans, exhibit triramous antennulae (Schram and Hoff, 1998; Richter and Scholtz, 2001; Davie, 2002) . Bathynellaceans exhibit biramous antennulae with an endopodal scale (Siewing, 1959; Richter and Scholtz, 2001 ). Richter and Scholtz (2001) considered biramous antennulae to be a key character in support of malacostracan monophyly, despite the aforementioned variation. The consistent presence of two well-developed flagellar rami on archaeostracan antennulae supports the idea that possession of biramous antennulae is a malacostracan synapomorphy, and further suggests that variations from that condition are autapomorphic or homoplasic.
The presence of a scale-like antennal exopod has long been considered a synapomorphy of Eumalacostraca (Calman, 1909) . Schram and Hoff (1998) included two character states for the antennal scale, the first possessing a separate basal segment, as in stomatopods, and the second lacking the basal segment as in most other eumalacostracans (Schram and Hoff, 1998; Richter and Scholtz, 2001 ). Richter and Scholtz (2001) , however, considered the exopod scale to be homologous in stomatopods and other eumalacostracans. A scale-like exopod is absent from the antennae of nearly all isopods and thermosbaenaceans (Brusca and Wilson, 1991; Wagner, 1994; Richter and Scholtz, 2001) , an apparent autapomorphy. In contrast to eumalacostracans, leptostracan phyllocarids exhibit uniramous antennae (Richter and Scholtz, 2001; Walker-Smith and Poore, 2001) . The presence of a scale-like exopod, rather than an elongated exopodal flagellum on both species of Ceratiocaris with known antennal morphology is intriguing. As can be seen, this character differs from both leptostracans and other archaeostracans. The presence of an elongated exopodal flagellum in all archaeostrans, except Ceratiocaris, suggests that retention of a well-developed exopodal flagellum is the ancestral ground plan in Malacostraca.
The presence of an antennal exopod scale in Ceratiocaris spp. intimates that ceratiocarids might represent stem lineage eumalacostracans. The lack of generally eumalacostracan-like characters, such as the thoracic stenopodia, caridoid pleon, and characteristic eumalacostracan caudal fan in Ceratiocaris makes such an hypothesis somewhat less compelling, as was recognized by Hessler and Schram (1984) in their discussion of leptostracans as 'living fossils.' Despite this, the antennal scale appears to be a rather robust character in eumalacostracans; it is present in all representatives of that group other than thermosbaenaceans and some isopods. Worthy of note is that no other definitive eumalacostracan character has been recognized in fossil or living phyllocarids, implying that vast gaps must exist in our knowledge of the apparent phyllocarid-eumalacostracan transition. The antennal scale in ceratiocarids represents the only concrete morphological evidence of such a phyllocarideumalacostracan transitional form, albeit only a single character.
In considering this critical transition, the issue arises of what the stem lineage of Eumalacostraca actually might have looked like. Much discussion of early eumalacostracan evolution has focused on Calman's (1904 Calman's ( , 1909 concept of the caridoid (Schram, 1969 (Schram, , 1973 Dahl, 1983; Hessler, 1983) , which is not surprising given that all eumalacostracan lineages retain arguably caridoid morphological aspects and even Paleozoic eumalacostracans not attributable to any living eumalacostracan taxon, such as belotelsonids and anthracophausiids, are markedly and recognizably caridoid. In addition to this, crown-group Eumalacostraca, as evidenced by Devonian decapods and stomatopods, appear in the fossil record with no apparent precursor stem lineage (Schram et al., 1978; Feldmann and Schweitzer, 2010; Jones et al., 2014) .
Given the presence of apparent eumalacostracan characters in hoplostracan phyllocarids (Schram, 1969 (Schram, , 1973 , the presence of a scale-like antennal exopod in Ceratiocaris spp., and the remarkable lack of evidence of a stem lineage eumalacostracan, the possibility must be considered that evidence of eumalacostracan origins lies within the known Paleozoic phyllocarid fossils; such stem-forms may have retained phyllocarid characters, including phyllopodous thoracopods, seven pleomeres, and uniramous, styliform furcal rami. As has remained the case for as long as malacostracan phylogeny has been studied, hypotheses about eumalacostracan origins raise more questions than they answer. The possibility must be explored, however, that stem lineage eumalacostracans have remained so enigmatic because they are a lineage shrouded in furcae and phyllopods.
In conclusion, we wish to state that based on our analysis of previously described archaeostracan antennulae and antennae, as well as description of newly available specimens (ISGS 100P-22A and UWGM 1906) and re-description of GLAHM 2244, some generalizations can be made about the morphology of these limbs. Although antennulae are unknown from ceratiocarid specimens, the presence of two equal, to subequal, length antennular rami in Rhinocaridina and Echinocaridina seconds the idea that this was the ancestral ground plan for malacostracan antennulae; variations from this pattern in other malacostracan clades are either autapomorphic, or homoplasic. The presence of an elongated antennal exopod in Rhinocaridina and Echinocaridina implies that this was the ancestral condition in Malacostraca; variations from this are either autapomorphic, e.g., the uniramous antenna in Leptostraca, or apparent synapomorphies of higher malacostracan clades, e.g., the scale-like antennal exopod in most eumalacostracans. We offer that the presence of a scale-like antennal exopod in Ceratiocaris spp. might point to its representing a stem-lineage eumalacostracanin the absence of any other concrete morphological evidence of the phyllocarid-eumalacostracan transition. Hence, we should consider that the paucity of evidence up to now of phyllocarid-eumalacostracan transitional forms resulted from the retention of what are generally considered phyllocarid characters in stem-lineage eumalacostracans.
